, which in turn allows recruitment of the coactivator CREB-binding protein (CBP), which interacts with transcription initiation factor IIB in the basal transcription complex (12) (13) (14) .
Transcription of a number of eukaryotic genes is activated in response to an increase in intracellular Ca 2ϩ concentration.
Recent studies have shown that the Ca 2ϩ response elements of c-fos and proenkephalin genes are indistinguishable from their CREs (11) . In addition, Ca 2ϩ influx was found to lead to phosphorylation of CREB at Ser 133 . In vitro, CaMK II and CaMK IV phosphorylate Ser 133 of CREB, but in the case of CaMK II this does not stimulate transcription (5) (6) (7) . The lack of activation has been attributed to negative regulation through phosphorylation of another site of CREB (Ser 142 ) by CaMK II, which CaMK IV does not phosphorylate (7) . However, several lines of evidence still suggest the involvement of CaMK II in CRE gene activation in vivo (15) . The existence of contradictory data provided the stimulus for our investigations of whether another member of the CREB/ATF1 family might be the main physiological target of CaMK II.
In the present report, we document that phosphorylation of Ser 63 of ATF1 is required for CBP binding and transactivation activity. Furthermore, we provide evidence that ATF1 phosphorylated by CaMK II can induce CRE gene expression.
MATERIALS AND METHODS
Plasmid Construction-To construct the expression vector for ATF1 (RSV-ATF1), the full-length coding region of ATF1 was generated using ATF1 cDNA as the template in a polymerase chain reaction with a sense oligonucleotide primer (ATGGAAGATTCCCACAAGAGT) and an antisense primer (TCAAACACTTTTATTGGAATA). This product was ligated into pCR II (Invitrogen), and further subcloned downstream of the viral RSV promoter into plasmid pRc/RSV (Invitrogen). Mutation of ATF1 at Ser 63 to Ala 63 was generated by site-directed mutagenesis with the polymerase chain reaction (CLONTECH), and the complete coding sequence of the mutated plasmid (RSV-ATF1-S63A) was confirmed by nucleotide sequence analysis. ATF1 fragments were also subcloned into pQE (a prokaryote expression vector for poly-His-tagged protein (Qiagen)) to prepare recombinant proteins.
Expression vectors of truncated CaMK II were constructed using CaMK II cDNA as the template for polymerase chain reaction with a sense primer (GCCACTAGTATGGCCACCACGGTGACCTGC) and an antisense primer (TCTGTCCTCTGACACCTTACTCGCCGGCGCAA). The fragments of truncated active form CaMK II were subcloned into expression vector pME-18S (pME-CaMK II). An expression vector for the catalytic subunit of PKA (MT-PKA), CREB subcloned downstream of the RSV promoter (RSV-CREB), and a reporter vector in which somatostatin CRE was fused to chloramphenicol acetyltransferase (CAT) (CRE-CAT) were generously provided by M. R. Montminy (Salk Institute).
For the CBP-binding assay, regions of the CREB-binding domain within CBP were generated with CBP cDNA as the template for polymerase chain reaction with a sense and antisense oligonucleotide primer (GGTGGATTCAAAGGCTGGCATGAACATGTG and CTTGGTCGACT-CAACGTGTCCTCCGCTTTTC, respectively), and then the fragments were subcloned into pGEX-4T-2, a prokaryote expression vector for glutathione S-transferase (GST) fusion protein (Pharmacia Biotech Inc.).
Preparation of Recombinant Proteins-Each transformant of pQE-ATF1 and pQE-ATF1-S63A was incubated at 37°C until grown up to 0.6 OD, induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside for 5 h at 37°C, and then collected by centrifugation. The resultant prod-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ To whom correspondence and reprint requests should be addressed. ucts were resuspended in sonication buffer (50 mM sodium phosphate, pH 8.0, and 300 mM NaCl) and then sonicated. The sonicated lysate was centrifuged, and the supernatant was collected. Extracted protein was added to Ni-NTA resin, stirred on ice for 1 h, and washed in buffer (50 mM sodium phosphate, 300 mM NaCl, and 10% glycerol). ATF1 and ATF1-S63A proteins were eluted with 0.5 M imidazole in the same buffer. Purification of CREB protein and the catalytic subunit of PKA was performed as described previously (3) .
Phosphorylation and Phosphopeptide Mapping of ATF1 and CREBPhosphorylation of ATF1 and CREB was performed using recombinant proteins purified as described above. ATF1 or CREB protein were 32 P labeled with CaMK II (purified from rat brain) by incubation at 30°C for 30 min in buffer containing 50 mM Tris-HCl (pH 7.5), 2 mM MgCl 2 , 1 mM CaCl 2 , 1 mM calmodulin, and 50 mM [␥-32 P]ATP. Phosphorylation of CREB proteins with the catalytic subunit of PKA was performed in reaction mixture containing 50 mM Tris-HCl (pH 7.5), 4 mM MgCl 2 , and 50 mM [␥-32 P]ATP at 30°C for 30 min. The reaction products were analyzed by 10% SDS-polyacrylamide gel electrophoresis and identified by autoradiography. For two-dimensional phosphopeptide mapping, the phosphorylated ATF1 and CREB bands were cut out from the gel. The gel pieces were subsequently renatured by shaking vigorously for 2 h at room temperature in 25% isopropyl alcohol, 10% methanol, and distilled water. The proteins in gel slices were digested with 10 g of trypsin in 50 mM NH 4 HCO 3 , pH 8.4. After rotating for 16 h at 37°C, the supernatant was electrophoresed for 30 min at 1 kV on a silica gel plate. Samples were separated in the second dimension by thin layer chromatography with n-butanol:pyridine:acetic acid:water in volume ratios of 32.5:25:5:20. Phosphopeptide maps were visualized by autoradiography.
Western Blot Analysis-Bacterially expressed CREB and ATF1 proteins phosphorylated by PKA or CaMK II and the nuclear extracts of F9 cells were analyzed by Western blot analysis. For analysis of phosphorylation of ATF1 in vivo, F9 cells were transfected with 5 g each of expression vectors of ATF1 or CREB and the truncated CaMK II or catalytic subunit of PKA by the calcium phosphate method. After transfection, cells were incubated at 37°C for 40 h in normal growth medium. After rinsing with buffered saline, the cells were collected and resuspended in a buffer containing 20 mM Hepes (pH 7.8), 20 mM NaCl, 0.5% Nonidet P-40, 1 mM dithiothreitol, 2 g/ml leupeptin, 50 mM NaF, 1 mM Na 3 VO 4 , and 2 mM phenylmethylsulfonyl fluoride. After incubation for 5 min, the nuclei were collected by centrifugation and homogenized in a buffer containing 20 mM Hepes (pH 7.8), 25% glycerol, 420 mM NaCl, 1.5 MgCl 2 , 0.2 mM EDTA, 1 mM dithiothreitol, 2 g/ml leupeptin, 50 mM NaF, 1 mM Na 3 VO 4 , and 2 mM phenylmethylsulfonyl fluoride. The nuclei were removed by centrifugation, and the supernatants were further analyzed. Western blot analysis was carried out with phospho-CREB-specific polyclonal antiserum 5322 with detection of binding by the alkaline phosphatase method.
Immunoprecipitation-CREB or ATF1 proteins, expressed using the bacterial expression vector, were labeled with 32 P by casein kinase II as described before (12) . Casein kinase II phosphorylated other sites of CREB and ATF1 than Ser 133 and Ser 63 and gave no effect on the CBP binding (12) . The casein kinase II-labeled CREB and ATF1 proteins were further phosphorylated by PKA or CaMK II with cold ATP (1 mM) and then incubated with GST-KIX (CREB-binding domain of CBP) for 30 min at room temperature in binding buffer containing 20 mM Hepes, pH 7.9, 50 mM NaCl, 5 mM MgCl 2 , and 1 mg/ml bovine serum albumin. Complexes were immunoprecipitated with anti-GST monoclonal antibody and protein A-Sepharose, then washed with binding buffer. Immunoprecipitates were analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography.
Cell Culture and Transfection-F9 cells were cultivated in Dulbecco's modified Eagle's medium containing 15% fetal bovine serum. A mixture of DNA, including 5 g of the CREB, ATF1, or ATF1-S63A expression vectors, 5 g of either of the kinase expression vectors, and 5 g of the CRE-CAT reporter vector were transfected to the cells by the calcium phosphate method. If necessary, pBluscript SK plasmid was added to adjust the total amount of DNA to 15 g. Plasmid DNA was purified using a Qiagen plasmid kit or by the CsCl ultracentrifuge method. Cells were collected and prepared to obtain cell lysates 48 h after transfection. Subsequently, CAT assays were performed using a constant amount of protein.
RESULTS

Phosphorylation of ATF1 at Ser
63 by CaMK II-ATF1 exhibits 70% overall homology to CREB, with an essentially identical basic leucine zipper domain and strong conservation of the phosphorylation box (Fig. 1A) , the phosphorylation of which blocks the transcriptional activation (7) . Since the phosphorylation boxes of ATF1 and CREB are highly homologous, we examined the phosphorylation of ATF1 by CaMK II in vitro (Fig. 1B) . CaMK II can phosphorylate both ATF1 and CREB, and the phosphorylation sites in ATF1 were further analyzed by phosphopeptide mapping (Fig. 1C) . CaMK II was found to phosphorylate ATF1 at a single site, whereas phosphorylation of CREB by CaMK II generated two spots, as reported by Sun et al. tion boxes of ATF1 and CREB produced the same peptides expected from the sequence shown in Fig. 1A .) Western blotting analysis of phosphorylated ATF1 with polyclonal antiserum 5322, raised against CREB peptide phosphorylated at Ser 133 , strongly supported this conclusion (Fig. 2) .
Analysis of the Interaction of ATF1 with CBP-Chrivia et al. (12) indicated that binding of CBP to CREB requires the specific phosphorylation of CREB at Ser 133 . The finding that CaMK II can phosphorylate ATF1 at Ser 63 thus suggested that CBP might bind to ATF1 phosphorylated by CaMK II. To test this, coimmunoprecipitation experiments were performed. We radiolabeled ATF1 and CREB with casein kinase II, because this enzyme phosphorylates ATF1 on four serine residues and CREB on three serine residues other than the transactivation sites Ser 63 and Ser 133 (15, 16) . The radiolabeled ATF1 and CREB were further phosphorylated with CaMK II and nonlabeled ATP and incubated with GST-KIX, and the immunoprecipitated complexes were reacted with anti-GST antibody (Fig.  3) . Both ATF1 and CREB coprecipitated with GST-KIX in a transactivation site phosphorylation dependent manner. This suggests that binding of CBP to phosphorylated Ser 63 of ATF1 is the key regulatory step in CaMK II activation, because binding of CBP to CREB appears to be essential for mediating cAMP-stimulated transcription.
Transcriptional Activation of ATF1 by CaMK II-The preceding experiments prompted us to test the transactivation of ATF1 by CaMK II in cells in vivo. The expression vectors of ATF1 or CREB, truncated CaMK II (active form), and the CRE-CAT reporter gene were cotransfected into undifferentiated F9 cells (Fig. 4A) . The active form CaMK II expression vector had little effect on the ability of CREB to increase expression of the reporter gene. In contrast, the CaMK II vector induced a 12-fold increase in transcriptional activity of ATF1. This result supports the hypothesis that CaMK II phosphorylates at Ser 63 within ATF1 and that phosphorylation at this site stimulates its activation, analogous with PKA phosphorylation of Ser 133 of CREB. If so, mutation of Ser 63 of ATF1 to a residue that cannot be phosphorylated would abolish the activation. This prediction was tested through the use of expression vectors of wild-type and mutant ATF1, the Ser 63 of which was mutated to alanine (Fig. 4B) . As predicted, the mutation-blocking phosphorylation of Ser 63 depressed the transcriptional activation induced by CaMK II. The phosphorylation of ATF1 at Ser 63 by CaMK II in F9 cells was confirmed by Western blotting with the antiserum 5322, whereas PKA did not induce ATF1 phosphorylation in these cells (Fig. 4C) .
DISCUSSION
The present results suggest that CaMK II, a specific calmodulin-and Ca 2ϩ -dependent kinase, activates CRE genes by phosphorylating ATF1, not through its action on CREB. There are several sites of potential interaction between the Ca 2ϩ -and cAMP-signaling systems. Sheng et al. (11) have shown that a CRE in the fos promoter can mediate the Ca 2ϩ -dependent induction of fos after depolarization of PC12 cells. Furthermore, KN-62, a specific inhibitor of CaMK II, was found to reduce the ability of Ca 2ϩ influx to stimulate transcription mediated by a cAMP response element (17) . Recently, we provided evidence of CaMK II involvement in CREB phosphorylation and expression of CRE genes in vivo. In the rat neural retina, flashing light exposure induced phospho-CREB immunoreactivity recognized by 5322 antiserum and c-fos and somatostatin mRNAs in amacrine and ganglion cells. CaMK II was immunostained in these cells (18) . Administration of the L-type Ca 2ϩ channel activator Bay K 8644 also induced CREB phosphorylation and expression of fos and somatostain mRNA in amacrine cells. These cells were double stained with antiCaMK II monoclonal antibody and phospho-CREB-specific antiserum 5322.
Several groups have reported that CaMK II and IV phosphorylate CREB at Ser 133 in vitro (4 -7). The suggestion is that changes in intracellular Ca 2ϩ levels have the potential to regulate transcription differentially, depending on the presence of specific forms of CaMK. Differential distribution of CaMK II and IV was observed in rat neural retina (18) , CaMK II being localized in amacrine and ganglion cells, whereas CaMK IV was found to be present in Muller and ganglion cells. Thus, Ca 2ϩ -induced phosphorylation of CREB in amacrine cells would be expected to be mediated by CaMK II.
Sun et al. (7) , however, reported that CaMK II could not potentiate the activation of CREB by Ca 2ϩ influx in cultured cells and, rather, blocked the ability of PKA to activate CREB because of phosphorylation at Ser
142
. The inconsistency of their results with our data for the rat neural retina raised the possibility that CaMK II might phosphorylate another member of the CREB/ATF1 family and thereby regulate expression of CRE genes. As shown in this paper, CaMK II phosphorylates ATF1 at Ser 63 only, a site that corresponds to the Ser 133 of CREB, which has been shown to be important for its activation (2, 3) . Furthermore, the present transient transfection assays and mutagenesis studies revealed that activation of ATF1 occurs after phosphorylation of Ser 63 by CaMK II. These findings clearly indicate that CaMK II may potentiate gene activation via ATF1 phosphorylation. Considering the cross-reactivity of 5322 antiserum against phosphorylated ATF1, the increased immunoreactivity in neural retina after light exposure or Bay K 8644 administration may, at least partially, reflect the induced phosphorylation of ATF1.
Liu et al. (19) reported that ATF1 has a lower activity than CREB in supporting cAMP inducibility, whereas ATF1 and CREB are essentially identical in conferring Ca 2ϩ inducibility in both F9 and PC12 cells. When we transfected expression vectors of ATF1 and the catalytic subunit of PKA into F9 cells, no activation of CRE-CAT was observed, even though PKA could phosphorylate ATF1 in vitro (Fig. 4A) . Two types of possibilities should be examined: 1) PKA does not phosphorylate ATF1 at Ser 63 in F9 cells; and 2) phosphorylation of Ser 63 of ATF1 is necessary but not sufficient for transcriptional activation, suggesting that phosphorylation of another factor, possibly CBP, by CaMK II is also required. As for CREB, we reported that phosphorylation of Ser 133 by PKA was necessary and sufficient for transcriptional activation of the CRE lacZ gene with the microinjection experiments of phosphorylated CREB protein into Rat 2 cells (20) . The Western blots shown in Fig. 4C support the former hypothesis, although the molecular mechanism to explain the inability of PKA to phosphorylate ATF1 in F9 cells remains to be identified.
The differential activation of ATF1 and CREB by PKA and CaMK II may give an explanation to the differential responses of ATF1 and CREB to cAMP and Ca 2ϩ reported by Liu et al. (19) . Thus far, we have not established any reason why CaMK II does not phosphorylate ATF1 at Ser 72 , which corresponds to Ser 142 of CREB, despite the high degree of homology between ATF1 and CREB. From the data of phosphopeptide mapping in Fig. 1 -and calmodulin-sensitive adenylate cyclases, which have been shown to become activated after depolarization (21) . The PKA system may also become activated by elevated Ca 2ϩ in certain cell types, which would then lead to an increase in CRE-driven gene expression. CaMK also can mediate the expression of CRE-containing genes by transcriptional activation of CREB (5-7). The pathway documented in the present report, involving CaMK II activation of CRE-mediated transcription through ATF1, suggests that differential expression of CaMKs and CREB/ATF1 family members may allow cells to integrate and differentiate gene regulation by Ca 2ϩ .
